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Abstract 
The simultaneous use of the state and the output of the offline controller in bumpless transfer design for the multi-input-multi-output 
(MIMO) systems is proposed. Under the large online/offline controller mismatch, the recently introduced MIMO bumpless transfer design 
based on the feedback of the offline controller state and the online controller input and output is found to produce significant deviations 
between the output signals of the online and the offline controller. These deviations are shown to result in the plant output bumps in the wake 
of the controller transfer. While retaining the main features of this design, an additional internal model based controller is introduced that 
uses both the online and the offline controller output signals to form the novel state/ output feedback bump less transfer topology. The latter 
is shown to be capable of eliminating the online/offline MIMO controller output tracking errors under large mismatch of the online/offline 
controller dynamics, as well as to permit more flexible manipulation of the error decay rates. The new topology is demonstrated to solve a 
long-standing problem of the steady state bumpless transfer from the industry standard low order multi-loop PID-based controllers to the 
modern MIMO robust controllers in the megawatt/throttle pressure control of a boiler/turbine unit . The convergence speed-up provided by 
the topology proposed is shown to facilitate the use of the latter in designing the agile switching controllers with an improved closed-loop 
performance in electrical motor control applications. The topology proposed is also demonstrated to extend the applicability of the steady 
state design to bumpless transfer in the oscillatory quasi-stationary regimes. 
Keywords 
Controller topology, bumpless transfer, dynamic transfer, online/offline controller mismatch, model uncertainty, MIMO systems, controller 
switching. 
I. INTRODUCTION 
The problem of seamless real-time switching between two controllers in the closed-loop control applications, referred 
to as bumpless transfer, arises in many cases of practical interest. One such case is an online performance assessment 
of the advanced control laws against the industry standard, typically nonlinear Pill-based, ones. This case presents 
the greatest difficulty, since it is typically characterized by a very significant mismatch between the dynamics of the 
standard controller used in normal everyday plant operation and an advanced control law being benchmarked. This 
mismatch poses a much greater challenge to bumpless transfer than the mismatch between the actual plant dynamics 
and the plant model used in the design of an advanced control law. 
Another case is the attainment of an improved closed-loop performance via switching between the controllers with the 
complementary properties, such as, for example, the ones separately optimized for tracking and disturbance rejection. 
In this case, the closed-loop performance depends on the timeliness of the controller switching. For example, after 
executing a setpoint change it is desirable to switch to the disturbance rejection optimized controller as soon as possible. 
Therefore, the rate of convergence to the conditions that would admit bumpless transfer becomes important. Similar 
challenge arises in a related case of switching between the controllers optimized for the specific setpoints to cover the 
entire operating range of interest. 
For large industrial MIMO plants such as boiler/turbine units, the advanced control laws are designed on the basis 
of an experimentally obtained plant model and are extensively tested on the real-time simulator that mimics the plant 
behavior very closely. This provides a high degree of confidence in the capability of the advanced controller to guarantee 
stability for a given operating point. Furthermore, in this application, the existing multi-loop PID-based controllers are 
implemented in software, therefore their states are typically available and could be used in the two-directional bumpless 
transfer. For safety purposes, controller switching for benchmarking should be carried out only in the steady state, 
so that the benchmarking itself could focus on the relative controller performance. High quality bumpless transfer 
in benchmarking of the advanced MIMO controllers against the standard ones for the boiler/turbine units in the 
coal-fired power plants has been a long-standing problem due to the multivariable nature of the process, significant 
online/offiine controller mismatch, large modelling uncertainty, and process and controller nonlinearity. Thus, developing 
a methodology for a reliable steady state bumpless transfer synthesis under these conditions in MIMO systems is of 
significant practical interest. A related problem is bumpless transfer during stable periodic system motions, further 
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referred to as the oscillatory quasi-stationary regimes, such as those [7] arising in steel casting. The present work focuses 
on the latter two problems. 
Due to the practical importance of the topic, there exists a signification number of publications on bumpless transfer 
and related problems such as anti-windup(cf. [1], [15], [8], [3], [5]). Earlier results in this area, such as conditioning 
technique of Hanus [5], have been limited to PID-type controllers frameworks. Works by (Morari et al., 2001) addresses 
the stability issues in AWBT. More recent approaches, such as that of Graebe and Anders [4] address bumpless transfer 
design in a more general setting that does not presuppose steady state operation. Most of these results, however, 
are limited to the SISO case or the PID-controller framework and do not provide convenient framework for bumpless 
transfer synthesis in the MIMO case. Another associated issues is anti-windup, which is not discussed in the proposed 
bumpless transfer methodology, however, our methodology can be easily combined with existing anti-windup frameworks 
to minimize the adverse effects of any control input nonlinearities on closed-loop performances. 
The first paper that constructively and conveniently addresses bumpless transfer synthesis in the MIMO systems 
is the recent work of Turner and Walker [12]. The bumpless transfer topology of Turner and Walker uses the online 
controller input and output feedback and the offiine controller state feedback. In reference to the latter, it will be further 
called the state feedback topology. The design procedure associated with this topology utilizes minimization of the linear 
quadratic (LQ) cost function that penalizes the controller input and output tracking errors. This configuration has 
been successfully applied to switching between the high speed and the low speed controllers of a helicopter. The design 
procedure of Thrner and Walker is especially effective for the steady state bump less transfer, since in this case it only 
requires solving an Algebraic Ricatti Equation (ARE). The Thrner and Walker method, however, does not adequately 
address the steady state bumpless transfer problem in MIMO systems under large online/offline controller mismatch. 
The method also is not convenient for bumpless transfer synthesis in the quasi-stationary oscillatory regimes, since in 
this case simply solving ARE does not suffice. Turner and Walker later presented a slightly modified version of the 
bumpless transfer ?? discussed earlier, this modification incorporated a low pass filter that eliminates the discontinuity 
at the controller input during switching. Nevertheless, this modification is not sufficient to address the two problems 
from the original version. 
Assuming a priori that bumpless transfer would be carried out in the steady state or the oscillatory regime, the 
present work resolves the latter two problems through the introduction of an unconventional topology consisting in the 
simultaneous use of the state and the output of the offline controller. Namely, i) in addition to the offline controller state 
and the online controller input feedback, the error vector between the outputs of the online and the offline controllers 
is formed explicitly, ii) this error vector is passed through the additionally introduced controller, further referred to as 
the internal model based (IMB) controller, that is based on the model of the transfer regime of interest (steady state 
or oscillatory), iii) the output of the latter controller, along with the state of the offline controller and the input of the 
online controller, are sent to the feedback matrix that could be computed using an optimization method of interest (LQ, 
H 00 , etc.). Thus, the proposed topology, further referred to as the state/output feedback topology, results in the design 
procedure that consists of a) synthesis of the feedback matrix block, the output of which drives the offline controller, 
on the basis of the offline controller representation, and b) synthesis and tuning of the internal model based controller. 
If the analytical description of the offiine controller is not available, the linear model of the latter around the operating 
point of interest should be obtained to permit the design of the bumpless transfer feedback matrix. 
The bumpless transfer design procedure proposed is applied to the problem of benchmarking of the advanced control 
laws for the megawatt/throttle pressure control of a coal-fired power plant boiler/turbine unit, discussed earlier, and is 
shown to solve this problem. The design of Thrner and Walker is applied to this problem as well, and it is demonstrated 
that this design cannot adequately address large online/offline controller mismatch. 
The proposed topology is also found to be effective in increasing the online/ offline controller output convergence rates 
and thereby reducing the wait time for switching among the controllers optimized for the complementary performance 
criteria in the high performance control applications. 
Further on, the topology proposed is shown to yield a simple design procedure for bumpless transfer in the oscillatory 
quasi-stationary regime under a large online/offline controller mismatch: the solution of an ARE for the calculation of 
the feedback matrix is shown to be adequate in this case if the internal model based controller uses sufficiently accurate 
frequency of the oscillatory regime, whereas the topology of Thrner and Walker cannot address this problem through 
simply solving ARE. 
This paper is organized as follows. Section II describes three plant/controller configurations subsequently used for 
evaluating the bumpless transfer designs. Section III describes the bumpless transfer topology and the synthesis pro-
cedure of Turner and Walker and introduces the state/output feedback topology for both the one-directional and the 
two-directional transfer, along with the internal model based controller. Section IV describes the performance of the two 
topologies in the three plant/controller configurations introduced in Section II. Conclusions are presented in Section V. 
Section I of the Appendix provides the details of the MIMO Hoo megawatt/throttle pressure controller representation, 
as well as the feedback bumpless transfer matrix and the values of the tuning gains for the boiler /turbine application. 
Section II of the Appendix provides the details of the nonlinear induction motor model, the corresponding controller 
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representations and bumpless transfer feedback matrix, and the values of the induction motor parameters and the tuning 
gains. 
II. THE PLANT/CONTROLLER SETUPS FOR THE BUMPLESS TRANSFER 
The assessment of the bumpless transfer performance is carried out using three plant/controller configurations with 
very different properties, referred to as the real-time boiler/turbine simulator setup, the linear boiler/turbine model 
setup, and the nonlinear induction motor setup, respectively. The details of each setup and the problems associated 
with bumpless transfer in each setup are described next. 
A. The real-time boiler/turbine simulator setup 
The first setup consists of the real-time two-input-two-output boiler /turbine simulator and the real-time controller 
hardware that could be loaded with arbitrary control laws and easily switched between the simulator and the actual 
boiler/turbine unit. The setup uses two control laws implemented in software: the current industry standard two-loop 
PID-based control law and the MIMO H 00 megawatt/throttle pressure control law (cf. [14]). The latter is designed 
on the basis of a linear simulator model identified via real-time input/output simulator data at a specified operating 
point. This setup is characterized by a significant mismatch between the dynamics of the H 00 controller and that of 
the PID-based controller, and between the dynamics of the nonlinear simulator and that of the linear simulator model 
used in the design of the H 00 controller. The original task of this setup is to benchmark in the real-time the H 00 control 
law tracking and disturbance rejection performance, as well as performance robustness, against those of the standard 
PID-based control law using the steady state two-directional bumpless transfer between the PID-based controller and the 
H 00 controller in a specified operating range. For this setup, the design of only the one-directional steady state bumpless 
transfer, from the PID-based controller to the H 00 controller, is presented. The two-directional design is similar and is 
carried out using the linear model of the nonlinear PID-based controller at the operating point of interest. 
The schematic of the power generation boiler/turbine unit is illustrated in Fig. 1. In this figure, HP, LP, and GEN 
represent the high and the low pressure parts of the turbine and the generator, respectively. The superheaters and 
the reheater are used to increase the steam temperature to the values that guarantee high efficiency of the turbine 
operation. The firing rate can be viewed as the heat flow rate into the boiler from burning of the fuel. The firing rate, 
therefore, directly affects the pressure and the temperature of the steam at the output of the drum. The turbine valve 
position is used to adjust the flow rate of the steam to the turbine unit. The control objective is to ensure that both 
plant outputs, the throttle pressure (TP) in the steam header from the boiler to the turbine and the generator power 
output (MW), maintain the setpoints under the load and other disturbances and to provide smooth, fast, and reliable 
response to the setpoint change under varying conditions such as changing coal properties and build-up of soot deposits. 
Control is accomplished by measuring both plant outputs and manipulating two plant inputs, the firing rate (FR) and 
the turbine valve position (TV). The basic closed-loop boiler/turbine control block diagram is presented in Fig. 2, where 
the controller block is shown to have four input signals, two setpoints and two plant outputs, and two output signals. 
This is an MIMO setup due to the coupling of each plant input to both plant outputs, and it represents the main block 
in a typical controller architecture for the coal-fired power plants. 
The real-time plant simulator mimics the behavior of the coal-fired boiler/turbine Unit 9 at TVA. The simulator is 
primarily intended as a training device for engineers and plant operators. Another use of the simulator is evaluating the 
effects of the controller and the plant modifications prior to their implementation on a boiler /turbine unit. The hardware 
setting of the simulator is shown in Fig. 3. The "plant" portion of the simulator con~ists of two Sun workstations (Spare 
5 and Spare 20), the "plant" is connected to the Foxboro Applications Workstation, where the control law resides, 
through a Dual Node Bus Interface (DNBI) and a serial cable. The two key software elements of the simulator are the 
System Simulation Language (SYSL) and the Foxboro Simulation Language (FSIM). Communication with the simulator 
is established by dialing up to the Master Computer. 
The linear boiler /turbine simulator model used in the design of the H 00 control law is obtained via pseudorandom 
binary sequence (PRBS) excitation based identification of the real-time simulator dynamics around the operating point 
of 185 MW and 1820 PSI. This model is shown in Fig. 4. The model explicitly includes the 10 seconds delay from 
the firing rate to the megawatt output and to the throttle pressure. The controller design uses the lOth order Pade 
approximation of the delay. Both the PID-based controller and the H 00 one have four inputs and two outputs, and the 
latter is controllable and observable. 
B. The linear boiler /turbine model setup 
The second setup consists of the linear simulator model of Fig. 4 and two controllers: the H 00 one identical to that 
of the first setup and the so-called turbine following one (cf. [14]), the latter consisting of two SISO decoupled loops. 
Both controllers are represented by four-input-two-output controllable and observable realizations. The steady state 
bumpless transfer is carried out in both directions, i.e. from the turbine following controller to the H 00 controller, and 
vice versa. This setup is characterized by a significant mismatch between the dynamics of the offline ( H 00 ) controller 
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and that of the online (two-loop) controller, but by the lack of the plant/model mismatch. The task of this setup is to 
assess the performance of the state and the state/ output feedback bumpless transfer topologies under the absence of the 
plant/model mismatch. 
C. The nonlinear induction motor setup 
The third setup consists of the three-input-three-output nonlinear induction motor model and two MIMO Hoo control 
laws. The latter are designed using the results of Bottura, Neto and Filho [2]. One control law is optimized for tracking 
and the other one- for disturbance rejection. Both controllers are represented by three-input-three-output controllable 
and observable realizations. This setup is characterized by a pronounced mismatch between the nonlinear induction 
motor dynamics and the linearized motor model used in the design of the H00 controllers, but not very significant 
mismatch in controller dynamics. The task of this setup is to compare the capability of the state and the state/output 
feedback topologies in speeding up the attainment of conditions for bumpless transfer and to demonstrate the closed-loop 
performance improvement via controller switching using the two-directional bumpless transfer topology proposed. 
Fig. 5 shows the basic closed-loop control configuration for the induction motor model in dq synchronously rotating 
frame. The load torque represents the disturbance. The nonlinear dynamics of the induction motor is governed by the 
equations given in [2] (also shown in Section II of the Appendix). In this configuration, it is desired to provide setpoint 
tracking for both rotor flux orientations and angular velocity and reject random load disturbances. 
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Ill. BUMPLESS TRANSFER FORMULATION 
The ideal steady state bumpless transfer design requires that at the moment of controller switching, the values of 
the input signals of the online controller exactly match those of the offline controller, and the same should hold for 
the controller outputs. The quality of the steady state bumpless transfer design is judged by how closely it approaches 
the ideal case. Usually it is desired that switching from one controller to the other one does not immediately create 
a step change in the plant input that could result in the undesirable plant output transients. Thus, the practical 
bumpless transfer design should ensure the convergence of the offline controller outputs to those of the online controller 
while guaranteeing sufficiently close values of inputs to both controllers. In time-sensitive switching applications this 
convergence should take place as fast as possible. 
A. Bumpless Transfer Design Based on the State Feedback Topology 
The work of Turner and Walker [11] describes both finite and infinite horizon bumpless transfer design procedures; 
however, as indicated in [11], the finite horizon design is faced with implementation difficulties, whereas the infinite 
horizon case is practically implementable. This subsection, therefore, describes only the latter. The topology of the 
design of Turner and Walker is shown in Fig. 6. 
Fig. 6. State feedback bumpless transfer topology. 
The static feedback matrix F maps the offline controller state and the online controller output and input signals 
into the offline controller input a. The offline controller is assumed to be finite dimensional and time-invariant, and its 
state is assumed to be accessible. This assumption encompasses the controllers realized in software that are used in the 
present work. In addition, the offline controller is assumed to be controllable and observable and locally stabilize the 
plant. The derivation of matrix F ( cf. [11]) is carried out through the quadratic minimization of the functional that 
includes the difference between two sets of signals, the output signals of both controllers and the input signals driving 
the controllers, given by 
(1) 
where zu(t) = u(t)- u'(t) and ze(t) = a(t)- e'(t). As shown in Fig. 6, u'(t) and e'(t) are the online control and error 
signals, respectively, u(t) is the offline control signal, and a(t) is the signal produced by the feedback matrix F. Wu and 
We are constant positive definite weighting matrices of the appropriate dimensions used to tailor the design. Finally, 
zu (T) = u(T) - u' (T) is the difference between the two control signals at the terminal time T, and P is the positive 
semi-definite terminal weighting matrix. In the infinite horizon case, P can be assumed to be zero. 
The computation ofF is carried out as follows. First, a state-space realization (A, B, C, D) of the offline controller to 
be implemented is selected. The controller dynamics along with the controller input a(t) and output u(t) is then given 
by 
X Ax+Ba, (2) 
u Cx+Da. 
The vector a is computed as 
7 
(3) 
To further simplify the solution in the infinite horizon case (cf. [11]), the closed-loop system prior to bumpless transfer 
is assumed to be in the steady state, i.e. the online controller output u' and input e' are both assumed to be constant. 
In this case, F can be computed as 
[ 
(BTII + DTWuC)T ] T 
F = ~ (-DTWu + BT M(CTWu + CTWuD~DT + IIB~DTWu))T 
(-We+ BT M(CTWuD~We + IIB~We))T 
(4) 
where II is the positive semi-definite solution to the ARE, IIA + A'II + rr.Brr + c = 0, ~ = -(DTWuD + We)- 1 ' 
M =(AT+ rr..B) - 1 , A= A+ B~DTWuC, and B = B~BT. If D = 0, the expression for F noticeably simplifies. 
B. Bumpless Transfer Design Based on the State/Output Feedback Topology 
Although the design of Turner and Walker represents a significant advance in bumpless transfer for the MIMO systems, 
its application to some key bumpless transfer problems results in the unsatisfactory performance. As will be shown in 
the next section, this design does not adequately address large mismatch between the online and the offline controllers 
even under the absence of the plant model uncertainty. Upon examining the topology of Turner and Walker, it is seen 
that it does not directly utilize the difference between the outputs of the online and the offline controllers. Therefore, the 
question arises if this difference can produce a useful error signal that could improve the bumpless transfer performance. 
Furthermore, if the regime in which bumpless transfer is carried out is assumed to be known a priori, so that its internal 
model can be formulated, it looks reasonable to pass this error through the controller that incorporates the knowledge 
of this internal model, referred to earlier as the IMB controller. 
Based on these considerations, the present work proposes a topology shown in Fig. 7 that simultaneously utilizes both 
the state and the output of the offline controller. In this topology, the error e(t) between the online controller output 
signal u 1 ( t) and the offline controller output signal u2 ( t) drives the input of the IMB controller producing signal 'Y( t). 
Signal a(t) produced by the feedback matrix F becomes then the function of the offline controller state x(t), the online 
controller input signal f3(t), and the IMB controller output signal 'Y(t). Redefining in (1) ze(t) as ze(t) = a(t) - f3(t), 
the performance criterion (1) becomes applicable to this topology as well. The vector a is then computed as 
(5) 
and the feedback matrix F is calculated according to ( 4). In the case when the inputs of both controllers are given by 
the plant output tracking error e'(t) = r(t)- y(t) as in Fig. 6, vector f3(t) in (5) is replaced by vector e'(t). 
Restricting bumpless transfer to the steady state and the oscillatory regime, the corresponding IMB controllers are 
chosen to be of the form shown in Fig. 8, where Ki and Pi, i = 1, ... , n, are the tuning knobs and n is the dimension of 
the controller output vector. Increasing the values of Ki will lead to a faster convergence, but a larger overshoot and, 
possibly, oscillations. Increasing the values of Pi will reduce the overshoot. Large values of the gains K i and Pi will 
lead to the divergence of the offline controller output from that of the online controller. In the two-directional bumpless 
transfer, the feedback matrices F1 and F2 are optimized with respect to the corresponding controller realizations, and 
the corresponding IMB controllers are in general different. 
In the next section it is demonstrated that the topology proposed constitutes a further qualitative advance in bumpless 
transfer for the MIMO systems: it provides satisfactory controller output tracking and steady state bumpless transfer 
under severe mismatch between the dynamics of the offline and the online controllers, admits easy manipulation of the 
convergence rates via IMB controller gain tuning, and permits constructive design for bumpless transfer in the quasi-
stationary oscillatory regime by retaining the infinite horizon form and computation of matrix F identical to that used 
in the steady state bumpless transfer. 
IV. SIMULATION RESULTS 
A. The real-time boiler/turbine simulator setup 
The design of Turner and Walker using the state feedback topology of Fig. 6 has been initially carried out for the 
one-directional bumpless transfer from the PID-type boiler/turbine simulator controller to the H = one and implemented 
on the real-time simulator at TVA. The performance of this design is represented by the upper two graphs in Fig. 9 
that show the real-time tracking of the online controller outputs by those of the offline controller. As it is seen from 
One-directional bumpless transfer 
1MB 
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Two-directional bumpless transfer 
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these graphs, the convergence of the offiine controller outputs to those of the online controller does not take place. It 
is this lack of convergence that has motivated the present authors to develop the state/ output feedback topology. The 
result of the use of the latter topology is shown in the lower two graphs of Fig. 9 where a complete controller output 
signals convergence is seen to take place in spite of the very large online/offline controller mismatch. 
B. The linear boiler/turbine model setup 
B.1 Steady state bumpless transfer 
The comparison between the performance of the state and the state/output feedback topologies in the two-directional 
bumpless transfer is demonstrated in figures 10 and 11. The performance of the designs in transfer from the turbine 
following controller to the H(X) controller is shown in Fig. 10 by the left-side and the right-side graphs, respectively. 
As it is seen in the four upper graphs of this figure, the satisfactory convergence of the offiine controller outputs to 
those of the online controller takes place only for the state/output feedback topology. The adjustment of the weighting 
matrices in the state feedback topology has not produced acceptable firing rate convergence. The four lower graphs of 
Fig. 10 demonstrate that the online/offline controller firing rate output mismatch in the state feedback design results 
in the undesirable transients in the power output as well as the throttle pressure after controller switching, whereas the 
state/output feedback design provides transfer without bumps. Similar differences in the relative performance of the 
two designs are shown in Fig. 11 to take place in the transfer from the H(X) controller to the turbine following one. 
B.2 Bumpless Transfer in the Oscillatory Regime 
The steady state bumpless transfer feedback matrix F calculation of Thrner and Walker is formally inapplicable 
to switching in the oscillatory regime. If one would still try to apply this procedure to the latter case, the results 
would be as shown in the two left graphs of Fig. 12, i.e. no output signal convergence would, in general, take place. 
However, the addition of the output feedback controller based on the internal model of the regime essentially reduces 
this bumpless transfer problem to the steady state one, so that the infinite horizon form of matrix F could be retained 
and its computation could be carried out by simply solving the ARE. The right two graphs in Fig. 12 present the 
performance of the state/output feedback topology in tracking the online controller output signal by that of the offline 
controller in the oscillatory regime with the frequency of the controller output 0.05rad/ s in the linear boiler/turbine 
model setup. As it is seen, the tracking error in the latter case is sufficiently small to permit relatively smooth controller 
switching. 
The results in Fig. 12 are obtained using the internal model based controller shown in Fig. 8(b). The transfer function 
selected has frequency w = 0.05rad/ s. The gains Ki and Pi , i = 1, ... , n , are the tuning knobs used for adjusting the 
tracking properties of the controller. 
C. The nonlinear induction motor setup 
C.1 Controller modes 
The typical operation of the induction motor involves frequent step changes in the setpoints and persistent random 
load disturbances. However, the MIMO H(X) induction motor control law designed following [2) can be tuned to optimize 
either the tracking response or the disturbance rejection, but not both simultaneously. This lack of a single optimal 
gain gives rise to two distinct controller gains: one for tracking and the other one for disturbance rejection, further 
referred to as the tracking and the disturbance rejection modes, respectively. The performance of the closed-loop control 
system in these modes under step changes in the setpoints and load disturbances is represented by two upper graphs 
in Fig. 14. It is seen that the tracking mode does not meet the disturbance rejection specification of keeping the 
disturbance-induced output deviation under 5% of the steady-state value, while the disturbance rejection mode yields 
an unacceptable overshoot. 
C.2 Bumpless transfer performance 
To improve the overall closed-loop system performance, after executing step tracking in the tracking mode it is 
desirable to immediately switch to the disturbance rejection mode, and invoke the tracking mode only right before the 
next step change in the reference signal. However, in order to ensure the effectiveness of this control strategy, the time 
needed to attain the conditions that permit the bumpless transfer between these modes should be minimized: the offline 
controller output signals, stator voltage components Vqs and Vds and stator frequency w , should converge as quickly as 
possible to the corresponding output signals of the online controller. 
The capabilities of the state and the state/ output feedback bump less transfer topologies in providing the suitable 
convergence rates are represented in Fig. 13 by the left-side and the right-side graphs, respectively. In this figure, the 
state/output feedback topology is seen to reduce the time interval needed for a complete controller output convergence 
by a factor of three in comparison to the state feedback topology for the same feedback gain matrices. The increase in 
the convergence rate of the state feedback design by adjusting the weighting matrices in ( 4) was attempted, but found 
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Fig. 9. Control of the real-time simulator: comparison of the output signals from the nonlinear real-time PID-based online controller and 
the H oo offline controller . 
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Fig. 10. Control of the linear boiler/turbine model: comparison of the controller output and the plant output signals; transfer from the 
turbine following controller to the Hoo controller at t = 6000sec. 
to be not very effective and not as transparent as simply tuning the 1MB controller gains. Therefore, the state/ output 
feedback bumpless transfer is seen to be preferable to state feedback bumpless transfer in this application. 
C.3 High performance controller architecture 
With the enhanced capability of tuning the controller output convergence rates ( cf. Fig. 13), the two-directional 
state/output feedback bumpless transfer topology shown in Fig. 7 could be selected as the controller architecture for 
high performance inductive motor control. One of the controllers in this topology should be optimized for tracking and 
the other one - for disturbance rejection. The performance of such design is demonstrated by the lower graph in Fig. 
14 that shows the rotor speed subject to frequent setpoint step changes as well as random torque disturbances. As it 
is seen in this graph, under the latter conditions the switching controller proposed noticeably improves the closed-loop 
performance of the nonlinear induction motor. 
V. CONCLUSION 
In the present work, the novel state/output feedback bumpless transfer topology is proposed. Combined with the feed-
back bumpless transfer matrix design of Thrner and Walker and augmented by the internal model based controllers, the 
topology is shown to permit bumpless transfer in the steady state and the oscillatory regime in the MIMO systems under 
large mismatch between the dynamics of the offline and the online controllers. The demonstration of the performance 
of the topology in switching between the currently used control laws and the H 00 ones in the MIMO megawatt/throttle 
pressure control of a boiler/turbine unit shows that it is capable of providing an adequate steady state bumpless transfer 
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Fig. 11. Cont rol of the linear boiler/turbine model: comparison of t he cont roller output a nd the plant output signa ls ; transfer from the Hoo 
cont roller to the turbine following cont roller a t t = 6000 sec . 
for this important application. The topology is also shown to facilitate fast switching between MIMO controllers opti-
mized fore tracking and disturbance rejection in the high performance induction motor control. The present work focus 
on linear controllers, which contoller input/output saturations and constraints is not an issues. The proposed bumpless 
transfer topology can be combined with existing anti-windup frameworks to address the "controller windup" problems. 
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APPENDIX 
I. LINEAR BOILER/TURBINE MODEL A D THE Co TROLLER DESCRIPTION 
Online controller state space realization: 
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output signals. 
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to that of the H 00 offline controller optimized for disturbance rejection. 
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007-4.5196e-007 5.4406e-007 -0.0022307 0.0013316 -0.00080123 -0.0017973 
3.2117e-007 2.1629e-006 -6.416e-008 0.18799 3.2981e-008 0.5345 5.7263e-008 
-0.35312 
Rows of Aoffline Values of elements of Aof fline 
27 0.11714 4.5867e-006 0.6491 4.481e-005 1.6011 0.00024536 -0.068149 
0.062763 0.14834 0.026332 0.0014579 -0.016172 4.6202e-005 -0.0022816 
0.02881 0.0016268 -0.0019976 -0.00022785 -0.00021743 3.0746e-005 
0.00022313-0.00010015-0.031374 4.4027e-005 -0.17185-1.1863e-005 0.48096 
-6.496e-005 
28 -3.8322e-007 0.031454-3.9377e-006 0.14265-7.1751e-006 2.5551 0.00022686 
3.4092e-005-6.8685e-005 0.43932 0.48507 -0.0062348 0.20872-1.2305e-005 -
1.283e-005 8.6382e-006 -0.039334 0.023204 -0.014571 -0.029069 9.0352e-
006 6.3573e-005-1.2752e-006 -0.0083342 1.0425e-006 -0.037766 1.8996e-006 
0.064361 
Rows of Bof fline Values of elements of Bof fline 
1 -1 0 1 0 
2 0 -1 0 1 
3 -0.12094 0 0.12094 0 
4 0 -0.12094 0 0.12094 
5 0 0 0.23791 0 
6 0 0 0 0.43197 
7 -1.7196e-005-1.8966e-005 0.00012679 0.00087336 
8 3.6307e-006 4.0042e-006-2.6874e-005 -0.00018546 
9 -1. 7415e-005-1.9209e-005 0.00012817 0.00088204 
10 5 .1232e-005 5. 6508e-005 -0.0003 7777 -0.0026022 
11 -5. 7248e-005-6.3144e-005 0.00042157 0.0029021 
12 -9. 785e-007 -1. 0798e-006 7. 0 135e-006 4. 764e-005 
13 2.5965e-005 2.8642e-005 -0.00019022 -0.0013062 
14 -3.2204e-006 1.4519e-007 2.4204e-005-6.9047e-006 
15 3.5934e-005-1.6207e-006 -0.00026634 7.55e-005 
16 3. 7842e-006 -1. 707e-007-2. 7939e-005 7.9054e-006 
17 4.8891e-005 -2.205e-006 -0.00036302 0.00010299 
18 2.9408e-005-1.3264e-006 -0.00021795 6.1778e-005 
19 1. 7185e-005-7. 7495e-007 -0.00012826 3.6471e-005 
20 -4.1475e-005 1.8712e-006 0.00030404-8.5748e-005 
21 6. 7904e-005-3.04 78e-006 -0.00050293 0.00014137 
22 1.5443e-007 1.4624e-007-1.2971e-006 -8.925e-006 
23 -0.22817 -5.225e-006 1.309 0.00023016 
24 1.9934e-007 -0.081084-1.5461e-006 2.5459 
25 -0.11163-1.3153e-007 0.31334 7.5936e-006 
Rows of Bof fline Values of elements of Bof fline 
26 1. 6145e-009 -0.065184-1. 5384e-008 0.42313 
27 -0.045879-1.2931e-006 0.29591 5.6779e-005 
28 9.8617e-008 -0.013441-7.6305e-007 1.0376 
Rows of Cof fline Values of elements of Cof fline 
1 0 0 0 0 0 0 0.18862 0.069135 -0.0037985 0.062094 0.0046889 -
0.037044 0.00035287 -0.011886 -0.00058708 0.01055 -0.0047231 -0.00045241 
-0.00054524 5.2961e-005 0.00053791 -0.00028077 -0.00083412 0.00010774 0 
000 
2 0 0 0 0 0 0 0.015157 0.0036833 -0.0028405 -0.090686 -0.064909 -
0.012357 0.00060426 -0.0008 7198 -0.0005272 0.0006952 0.0073029 -
0.0038216 0.0022595 -0.0011409 0.00037568 0.0024983 -8.091e-005 -
0.00025842 0 0 0 0 
Rows of Doffline Values of elements of Doffline 
1 0000 
2 0000 
Feedback bumpless transfer matrix F1 (transfering from turbine following controller to H 00 controller): 
dim(Ft) = 4 x 35. 
Rows of F1 Values of elements of F1 
1 0.0179241 0.000186399 0.00148754 0.000669694 0.0105207 0.000564776 
-1.0842 -0.497051 -0.0459912 -0.125013 0.104216 0.281801 -0.0312419 
0.0688139 -0.0111649 -0.0684744 0.00944711 0.0129772 0.000104408 
0.00374741 -0.00112606 -0.00234089 0.000678544 5.46493e-006 -
0.000393822 -0.0001773 -0.00278534 -0.000149523 6.35376 7.91554 
0.543154 5.84048e-005 0.543154 0.00233619 
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Rows of F1 
2 
3 
4 
Values of elements of F1 
7.45598e-005 0.00343198 -0.00024654 2.40523e-005 0.000427748-0.00194203 
0.00534119 0.00813645 0.00139924 0.105313 -0.00838654 0.0245837 -
0.0461714 -0.00012342 0.000305484 0.000968262 -0.00653401 0.00260632 
0.00218864 0.00297736 3.10804e-005 0.000385555 -2.9825e-005 -0.000343293 
6.5271e-005 -6.3678e-006 -0.000113245 0.000514148 -0.766479 61.9693 -
0.000345768 0.0248237 -0.000345768 0.992947 
-0.0205543 -0.000453742 -0.00352991 -0.00231542 -0.0182126 -0.00535627 
1.36897 0.595896 0.0392662 -0.0816298 -0.2963 -0.370845 0.0517161 -
0.0869663 0.0100203 0.0838223 0.00722811 -0.0254488 0.00612014 -
0.00944039 0.00261987 0.00921241 -0.00129799 -0.000635495 0.000934536 
0.000613002 0.00482174 0.00141806 -7.624 -9.36935 0.452751 -0.000152578 
0.452751 -0.00610313 
-4.68788e-006 -6.15241e-005 -3.34148e-005 -9.17511e-005 -0.000106524 -
0.000263963 0.00182754 0.000247056 -0.000494762 -0.0161417 -0.0101338 
-0.00226916 0.00143984 -0.000104871 -9.29142e-005 6.44478e-005 0.0012624 
-0.000639161 0.000336691 -0.000325215 5.65626e-005 0.000375552 -9.1071e-
006 -3.52708e-005 8.8465e-006 2.42909e-005 2.82019e-005 6.98838e-005 
0.0188819 -1.57825 2.41251e-005 0.0243793 2.41251e-005 0.975172 
Feedback bumpless transfer matrix F2(transfering from H 00 controller to turbine following controller): 
dim(F2) = 4 X 15. 
Rows of F2 Values of elements of F2 
1 -0.0000 -0.0000 -0.0002 -0.0298 -0.3677 0.0000 0.0000 0.0000 0.0000 -0.0092 
31.6228 0.5000 0 0.5000 0 
Rows of F2 Values of elements of F2 
2 0.0000 0.0000 0.0000 0.0000 0.0000 -0.0000 -0.0003 -0.0215 -0.0448 -10.0000 
0.0000 -0.0000 0.5000 0.0000 0.5000 
3 0.0000 0.0000 0.0002 0.0298 0.3677 -0.0000 -0.0000 -0.0000 -0.0000 0.0092 
-31.6228 0.5000 0 0.5000 0 
4 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 0.0000 0.0003 0.0215 0.0448 10.0000 
-0.0000 0.0000 0.5000 -0.0000 0.5000 
Internal model based controller turung knobs for the steady state transfer for both duect10ns(cf. Fig. 8(a)): 
K 1 = 0.1, K2 = 0.3, P1 = 5, P2 = 1. 
Internal model based controller tuning knobs for the oscillatory regime transfer ( cf. Fig. 8(b)): 
K1 = 0.002, K2 = 0.3, P1 = 5, P2 = 18. 
II. I NDUCTIO MOTOR MODEL A D THE CONTROLLER DESCRIPTION 
Induction motor parameters: 1 H.P, 220/380 V, 60 Hz, 
Stator resistance Rs 7.H1 
Stator inductance Ls 310.5mH 
Rotor resistance Rr 5.8n 
Rotor inductance Lr 310.5mH 
Mutual inductance M 284.56mH 
Moment of inertia Jm 0.0038kgm:4 
Viscous friction Ct 0.0015Nms 
Pair of poles p 2 
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Motor 1s subJected to up to 4Nm of random load torque disturbance during simulation. The state space induction 
motor model in the dq synchronously rotating frame (including the rotor speed dynamics) is given by 
[ 
)..qds ] [ a1I + a2J a3I 0 ] [ Aqds ] [ 0 I 0 ] [ TL ] )..?dr = a4I a5I + a6J 0 Aqdr + 0 0 0 Vqds 
Wr 0 0 a7 Wr b1 0 b2 W 
where the state variables Aqds = [ Aqs Ads J' and Aqdr = [ Aqr Adr J' denote the stator and the rotor flux components, 
respectively. The control input is represented by the stator voltage components Vqds = [ Vqs Vds ]'. w , Wr, Ws are the 
stator, the rotor, and the slip frequencies. TL represents load torque. a= 1/aL8 , b = 1/oLr, c = M/(LsLr - M 2), a= 
1 - M 2 I LsLr , al = - aRs, a2 = w, a3 = cRs, a4 =eRr, a5 = -bRr, a6 = Ws, 
[ 1 0 l [ 0 -1 l I= 0 1 'J= 1 0 . 
The two-directional bumpless transfer ( cf. Fig. 7): 
Dimensions of the tracking mode state-space realization components: 
dim(Acontrl) = 8 X 8, dim(Bcontrl) = 8 X 3, dim(Ccontrl) = 3 X 8, dim(Dcontrl) = 3 X 3. 
Dimensions of the disturbance rejection mode state-space realization components: 
dim(Acontr2) = 8 X 8, dim(Bcontr2 ) = 8 X 3, dim(Ccontr2) = 3 X 8, dim(Dcontr2) = 3 X 3. 
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Dimensions of the feedback bumpless transfer matrices F1 (switching from tracking mode to disturbance rejection 
mode): 
dim(F1) = 3 X 14 
Rows of F1 Values of elements of F1 
1 0.0400 -0.1728 0.5033 -0.8326 0.0000 -38.0394 50.6776 0.0000 0.0001 -0.0005 
-0.0000 0.0020 0.0056 -0.0000 
2 0.0202 0.8989 -0.8299 6.2880 0.0000 50.6776 -369.2303 -0.0000 0.0001 0.0003 
-0.0000 -0.0007 0.0097 -0.0000 
3 -0.0000 -0.0000 0.0000 -0.0000 0.0003 -0.0000 -0.0000 -93.5818 -0.0000 -
0.0000 0.0100 0.0000 -0.0000 0.0001 
D1mens10ns of the feedback bumpless transfer matnces F2(sw1tchmg from disturbance rejection mode to tracking 
mode): 
dim(F2) = 3 X 14. 
Rows of F2 Values of elements of F2 
1 0.0046 -0.0196 0.0662 -0.1054 -0.0000 -6.9946 8.0357 -0.0000 0.0000 -0.0002 
-0.0000 0.0052 0.0066 -0.0000 
2 0.0026 0.1290 -0.1076 1.1343 -0.0000 8.0357 -81.8441 -0.0000 0.0000 0.0000 
-0.0000 -0.0003 0.0272 -0.0000 
3 0.0000 -0.0000 0.0000 0.0000 0.0010 0.0000 -0.0000 -18.1454 -0.0000 -0.0000 
0.0283 0.0000 -0.0000 0.0005 
Internal model based controller 1 and 2 tuning knobs for the steady state transfer for both directions(cf. Fig. 8(a)): 
K1 = 100, K2 = 50, K3 = 30, P1 = 3, P2 = 0.3, P3 = 3. 
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